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KARL E. MASON
At the time of its discovery two decades ago, vitamin E would
have been defined as the fifth member of the then small family of
vitamins. It was known to be widely distributed in green plants,
in the germ of cereal grains, and, to a lesser extent, in animal tissues.
It was known to be essential for normal reproduction in the labora-
tory rat. Although its ability to prevent fetal resorption in the
female rat still constitutes the standard measure of its biological
activity, a wide variety of seemingly unrelated changes have since
been observed in the rat and in other laboratory animals as conse-
quences of deprivation of the vitamin. Before discussing these
lesions it may be appropriate to summarize briefly what we know
concerning the nature and distribution of the vitamin.
In 1936 Evans and his associates"3 isolated from wheat-germ oil
an alcohol having marked vitamin-E activity, for which the term
alpha-tocopherol (tokos-offspring; pheros-to bear) was pro-
posed. Within two years its chemical structure was determined and
its laboratory synthesis accomplished. It is now recognized that
three tocopherols (alpha, beta, and gamma), all of which are viscous
oils, are the only substances in the plant world possessing vitamin-E
activity. The isomeric forms, alpha and gamma, are lower homo-
logues of alpha tocopherol. Biological assays of the natural, free
forms of these tocopherols, in progress in my laboratory, indicate
that alpha tocopherol is approximately twice as active as is beta
tocopherol and four times as active as is the gamma form. Some 40
other compounds, produced synthetically, have been reported to
show biological activity characteristic of the vitamin. None of these
has proved as active as alpha tocopherol, the prototype of vitamin E.
It is of interest to note that these tocopherols, while themselves
susceptible to oxidation, also possess antioxygenic activity which is
inversely proportional to their biological activity. The chemical
nature of vitamin E and related compounds is extensively discussed
in a recent review by Smith.29
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Although the germ of cereal grains and green leafy vegetables
represent the richest natural sources of vitamin E, so universal is
its distribution in the plant world that no one has yet been able to
devise a diet of natural foods suitable for the experimental produc-
tion of E-deficiency. The various vegetable oils, which also possess
substances capable of preventing autoxidation of tocopherols, con-
stitute the most useful sources in nature. The wide distribution of
vitamin E in the plant world suggests an important rOle in plant
metabolism concerning which nothing is known at the present time.
Nor do we have any information regarding its presence or possible
function in invertebrate animals and in cold-blooded vertebrates.
There is some reason to believe that its role in the animal world is
restricted to the warm-blooded vertebrates, in which it is related to
some metabolic function peculiar to these more highly specialized
types.
In the rat, and probably in other animals, vitamin E is demon-
strable by bio-assay test in all organs and tissues.22 On high levels
of intake, the amount found in the tissues is only a small part of
that ingested, suggesting ineffective absorption or retention, or both.
The storage capacity of most tissues is decidedly limited, the two
exceptions being the liver and the mammary glands. Observations
of this type have indicated that the concentration of vitamin in the
liver best reflects the previous extent of vitamin intake, but have
thrown no new light on its physiological rOle.
The first decade of vitamin-E research
Although vitamin E has been variably designated the "anti-
sterility vitamin," "fertility vitamin," "reproductive vitamin," etc.,
it was recognized from the very first that in the E-deficient female
rat ovarian, uterine, and placental functions were normal, the failure
in reproduction being due to premature death and autolysis of the
developing embryo; whereas the E-deficient male rat suffered an
irreversible degeneration of the germinal epithelium of the testes,
with no other effect upon the reproductive tract. The subsequent
discovery of a characteristic paralysis appearing during late lactation
in the offspring of low-E mothers, and a retardation of growth in
adult life (after fourth month), served only to accentuate the mys-
tery surrounding the role of vitamin E. The general good health
and vigor of the E-deficient rat was also strikingly different from
conditions encountered in other known deficiency states.
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The unrelated nature of the histopathologic manifestations of
vitamin-E deficiency in the rat produced a state of scientific frustra-
tion toward the close of the first decade. The most natural avenue
for further exploration, namely, an analysis of the manifestations of
E-deficiency in other species, was hampered by the wide distribution
of vitamin E in natural foods and by inexperience in the rearing of
other laboratory animals on highly purified diets such as are used
in rat-feeding experiments. However, a means of circumventing
this difficulty was suggested by the observation32 that diets composed
of natural foods treated with an ether solution of ferric chloride
suffer rapid loss of the contained vitamin E. Although this pro-
cedure has given variable results in the hands of different investi-
gators, and has for the most part fallen into disuse, it warrants
special mention at this time.
The second decade of vitamin-E research
1. Herbivora. Attempts made by Goettsch and Pappen-
heimer15 in 1931, to produce a state of vitamin-E deficiency in
guinea-pigs and rabbits fed iron-treated natural-food diets revealed
a new and unexpected role of vitamin E, namely, the prevention of
a state of muscular dystrophy (perhaps better designated as nutri-
tional myodegeneration) in experimental animals.* After relatively
short periods of feeding, the animals exhibited marked muscular
weakness, eventually becoming unable to right themselves from an
inverted position. Histologically, the skeletal muscles showed
irregularly scattered areas of hyaline necrosis, nuclear proliferation,
brownish discoloration, fragmentation, and edema, together with
reparative changes. The integrity of nerves and motor end-plates
related to the affected muscles suggests an extra-neural origin of
the lesions.
It was soon found that similar lesions occur in various herbivor-
Ous animals (guinea-pig, rabbit, goat, and sheep) fed either diets
of natural foods supplemented with cod-liver oil or diets of purified
ingredients containing carotene and calciferol in place of cod-liver
oil and possessing negligible amounts of animal fat."7 Of interest,
in this connection, is the accidental occurrence of muscular dystrophy
*The extensive literature on this general subject has been surveyed in several
excellent reviews.11' 24, 26 In the discussion to follow, specific references will be
restricted chiefly to important contributions which have appeared since that time.
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and death in three of four tree-kangaroos being groomed for exhibi-
tion at the World's Fair in New York by generous feeding of fish-
liver oil. One of the animals, less severely afflicted, recovered after
oil feeding was discontinued and synthetic vitamin E had been
administered."6
The muscle lesions do not occur if the cod-liver oil is first hydro-
genated, or if vitamin E and cod-liver oil are fed on alternate days.
On the other hand, the ability of vitamin E, when administered
orally, to prevent the muscle lesions is abolished if a moderate
amount of cod-liver oil is added to the basal diet or administered
orally a few minutes after vitamin-E feeding.'7 The rat and mouse,
on the other hand, are able to utilize vitamin E effectively even
when the latter is mixed with cod-liver oil before being fed. It
thus appears that conditions in the gastro-intestinal tract of herbivor-
ous animals peculiarly expedite interactions between vitamin E and
certain products of rancidity in animal fats, which, unlike vegetable
fats, contain no inhibitors or antioxidants and result in the destruction
of the vitamin either before or after its absorption.* Whether this
is due to more rapid or more prolonged autoxidative changes in the
cecum of herbivora or to some other physiological differences
between the digestive tracts of herbivorous and omnivorous animals
has not been determined.
Compared to the rat and mouse, the striated musculature of
herbivorous animals is peculiarly sensitive to inadequacy of vitamin
E; whereas members of avian species show marked differences in
this same respect. The rabbit has received most exhaustive study
and serves as the prototype of the herbivorous animals. Associated
with the muscular injury there occurs growth cessation, loss of
weight, decrease in muscle creatine, marked creatinuria, altered
creatine-creatinine ratio of the urine, and an increased oxygen uptake
of the striated muscle. The alterations in creatine metabolism have
afforded reliable criteria for diagnosing and following the course of
the disease and for detecting within a few days the response to
vitamin-E administration."8 10 Lesions have not been observed in
other tissues and no reproductive impairment is produced in either
sex, although muscle lesions have been noted in the late fetus and
*A current report25 states that the various disorders observed in birds and mam-
mals fed diets containing cod-liver oil can be attributed to an inadequacy of vitamin
E, which, because of its marked susceptibility to oxidation by unsaturated fats, dis-
appears from the rations either before or after their ingestion.
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in the newborn of rabbits. It appears that the E-deficient guinea-
pig and rabbit prefer to preserve their fertility at the expense of
their musculature, in an effort to maintain their reputation for
fecundity, whereas rats sacrifice their reproductive functions for
temporary preservation of their muscular system.
2. Birds. Diets treated with ferric chloride were first applied
to the adult chick by Adamstone,l who reported an early embryonic
mortality in developing eggs produced by such hens. These
embryos were characterized by the formation of a lethal ring second-
ary to cellular proliferation around the early blastoderm, and by
spontaneous rupture ofvarious vascular channels of the embryo asso-
ciated with cells of a distinctive type grouped in rosette-like clusters
about the point of rupture of the affected vessels. After two to
three years of feeding, the cockerels showed testicular degeneration.
Unfortunately, these observations have not been confirmed by other
investigators. Since the ferric chloride treatment of diets produces
a variety of lesions (depending on the procedure used and type of
fat present)2' not observed in chicks fed the purified type of low-E
diet generally used, it does not appear to be a reliable method for
studying uncomplicated E-deficiency in birds.
The histopathologic pictures encountered in newly hatched or
very young birds reared on purified low-E diets are of particular
interest. The duckling suffers generalized muscular weakness with
extensive hyaline necrosis of the striated musculature, essentially
like that observed in laboratory rodents. The young turkey shows
only a patchy hyaline necrosis of the smooth musculature of the
gizzard, the striated musculature being unaffected.
The chick, on the other hand, shows little or no evidence of
myodegeneration, the lesions being primarily related to the vascular
system. After three or four weeks there occurs a sudden onset of
ataxia, tremors, head retraction, clonic spasm of the legs, and stupor.
Lesions located chiefly in the cerebellum, but sometimes appearing
in the cerebrum, mid-brain, and medulla, are characterized by
edema, ischemic necrosis, and hemorrhage. This condition was
designated "nutritional encephalomalacia" by Pappenheimer and
Goettsch.28 Hyaline thrombosis of capillaries and occlusion of the
capillary bed in the affected areas are constant accompaniments of
the lesions and, in all probability, their primary cause.
Dam and his associates,7'8 using diets of slightly different com-
position, chiefly in respect to fat content, describe a condition of
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"exudative diathesis" as more characteristic, with a relatively low
incidence of encephalomalacia. Large swollen patches of pale
exudate, with or without associated hemorrhage, appear in the sub-
cutaneous tissue on various parts of the body; sometimes also in
the musculature and body cavities. Hyperemia of the subcutaneous
and deeper adipose tissue commonly precedes the appearance of
exudate. Other investigators4 have described a generalized edema
of the brain, lungs, and subcutaneous tissues, marked accumulation
of fluid in the pericardial and peritoneal cavities, and coronary and
intestinal hyperemia. Possibly the variable nature of the lesions
encountered reflects differences in the age of the animals, in the
composition of diets used, and in acuteness of onset of the deficiency
state.
Thus, the response of chicks to vitamin-E depletion suggests
some fundamental disturbance of the vascular system; that of the
duckling and turkey indicates some abnormality of muscle metab-
olism and function. On the other hand, both groups of lesions pos-
sess certain features in common. (1) They occur only during the
active growing period of the bird, and are not limited to the experi-
mental laboratory but may occur in the field. (2) A certain pro-
portion of animals either escape the lesions or exhibit spontaneous
recovery if injury is not too severe. (3) Mild lesions, especially
those of muscle necrosis, may occur in the absence of external mani-
festations of the disorder, as is also true of the nutritional myode-
generation in mammalian forms.
3. Dog. Lesions typical of muscular dystrophy have also been
produced in adult dogs, and in their offspring, reared for long
periods on mineralized evaporated milk, and in adult dogs whose
normal absorption of E is prevented by a gall-bladder-renal type of
biliary fistula.5 It seems that the latter procedure (provided the
other fat-soluble vitamins are properly supplied) possesses real
merit in studyingvitamin-E depletion in animals whose size or nutri-
tional requirements make the usual dietary approach a particularly
difficult and costly one.
It becomes apparent that, during the past decade, attention has
been directed away from the reproductive aspects of vitamin E
toward a more fundamental role in the metabolic functions of either
the muscular or the vascular system, or both. Returning again to
the rat as the experimental subject, we shall see that similar trends
have taken place.
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4. Rat and mouse. There have appeared numerous reports of
experimental findings suggesting a disturbance of endocrine function
of the anterior pituitary, thyroid, or sex glands in the vitamin-E
deficient rat. More careful observations made during recent years
have consistently failed to support these claims. Many investigators
are also unwilling to accept as pathognomonic ofvitamin-E deficiency
the cerebrospinal lesions, described by Einarson and Ringsted,9 in
association with generalized muscular dystrophy in rats reared for
prolonged periods (5 to 12 months) on E-deficient diets. Einarson
and Ringsted considered the muscular weakness and paralysis en-
countered in such animals to be secondary to extensive cerebrospinal
lesions (involving the dorsal nerve roots and sensory columns, ante-
rior horn cells, and pyramidal tracts) resembling a combination of
the lesions of tabes dorsalis and amyotrophic lateral sclerosis in man.
There is now considerable evidence that the muscle lesions are
myogenic in origin and that those of the nervous system are due to
some factor other than inadequate E. While some loss of nerve
endings may occur in the dystrophic muscles of the rat, this is
regarded as secondary to the muscle damage.3" It should be empha-
sized that the muscle lesions seen in the rat, while equally wide-
spread, are rarely as severe or extensive as those in the guinea-pig
or rabbit. Although the E-deficient mouse shows muscle lesions
indistinguishable from those in the rat,27 and although fetal resorp-
tion is readily induced in females, repeated attempts to secure testic-
ular degeneration in the male have been quite unsuccessful.6' 14
This striking difference in response of the male mouse and rat is
baffling, especially in view of the observation that the minimal daily
requirements of vitamin E to prevent sterility in male and female
rats are essentially the same.20
To the many points of evidence suggesting a role of vitamin E
in muscle metabolism may be added the marked pigmentation and
necrosis of the smooth musculature of the uterus and seminal vesicle
in rats subjected to prolonged E-depletion, as reported by Martin
and Moore.'9 The most striking changes occur in the uterine tis-
sues, while the smooth musculature of other organs seems relatively
unaffected. Brownish discoloration, which is a feature of myode-
generation of skeletal muscle, is especially striking in the uterine
musde and becomes more and more intense as E-deficiency con-
tinues. It is due to the accumulation of yellowish granules in the
connective tissue macrophages and in the muscle cells themselves,
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appearing as if certain products of muscle metabolism could not be
broken down beyond a certain stage and were left to accumulate in
the myometrium. These changes resemble the "brown atrophy"
of cardiac muscle in hemochromatosis. In later stages, there is
definite necrosis of the muscle fibers. My own observations fully
confirm those of Martin and Moore, except for the extensive
parenchymatous degeneration in the kidney which they describe in
association with the musde injury.
There is yet no reason to believe that the uterine lesions just
described are in any way responsible for the fetal death and resorp-
tion which, for twenty years, has been regarded as the outstanding
manifestation of vitamin-E deficiency in the rat. The latter can
occur at the onset of sexual maturity, before there is much evidence
of uterine pigmentation; and vitamin E permits normal reproduc-
tion in females with excessively pigmented uteri. Fetal death was
attributed by Evans and Burr"2 to a suppression of development of
mesenchymal derivatives in the embryo, especially those related to
hematopoietic functions. This was based chiefly upon the observed
paucity of formed blood cells in the blood islands of the yolk sac,
the sinusoids of the liver, and the chambers of the heart. I should
like to present for your consideration a previously undescribed type
of lesion in the fetus of low-E rats which I have been studying for
several years, This takes us back to the beginning of our story and
seems to afford a new explanation for the cause of fetal death in the
E-deficient rat. At the same time, it directs attention to the vas-
cular system rather than the muscular system, but leaves open the
possibility that the vascular changes may be secondary to imperfec-
tions in development and function of its musculature.
These lesions were encountered somewhat by accident during a
series of studies covering the past five years and designed to stand-
ardize and shorten the procedure for bio-assay of vitamin E.2"
According to the improved procedure virgin E-deficient rats are
mated shortly after the onset of sexual maturity (50 to 75 days of
age), fed the test material during the first ten days of pregnancy,
and autopsied on the sixteenth day; the presence of two or more
viable fetuses in utero at that time being considered the equivalent
of the delivery of one or more offspring at term, the latter being the
criterion of positive response used by other investigators. In apply-
ing this method to the assay of a great variety of natural sources of
vitamin E, and to the natural and synthetic tocopherols in pure form,
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the 16-day fetuses have been systematically examined in warm
saline, with the aid of a dissecting microscope. Since a large pro-
portion of the doses administered have been of the border-line type,
the uterine picture at the sixteenth day has shown all possible grada-
tions between complete resorption of all fetal sites and typically
normal pregnancies, affording opportunity to study at a later stage
of pregnancy th-e same phenomena of fetal death and autolysis
described by Evans and Burr'2 at earlier stages of development.
Since the incidence and severity of vascular lesions in the fetuses
have been indirectly proportional to the size of graded dosage levels
of vitamin E, irrespective of the source or type of tocopherol, and
cannot be influenced by supplementary feeding of vitamin C or
vitamin K to the mother, the vascular injury can be considered
pathognomonic of E deficiency. A more complete report on these
observations has been presented elsewhere.23
The lesions are characterized by vasodilation, congestion, and
vascular stasis of superficial vascular channels, most frequently noted
in the head, shoulder region, and dorsal trunk region of the embryo
(Fig. 1). The plexiform pattern of these areas of stasis stands in
striking contrast to areas immediately adjacent, where the capillary
bed and larger vessels appear quite normal. In later stages there
occurs a marked dilation of the larger and deeper vessels, especially
those of the neck and shoulder, frequently associated with extensive
hemorrhage in the lateral wall and floor of the lateral ventricle or
in other portions of the central nervous system (Fig. 2); while the
vascular channels elsewhere in the embryo, as well as the liver
sinusoids and chambers of the heart, are proportionally depleted of
blood. The picture is typically one of vascular stasis, in which it is
difficult to ascertain whether the vascular dilation is primarily
responsible for, or merely secondary to, vascular stagnation. Histo-
logically, there is no evidence of diapedesis or of frank rupture of
vascular channels except in the affected areas of the central nervous
system and, occasionally, in the liver. Since the latter conditions
appear shortly before the fetus succumbs, and since there occurs a
generalized extravasation of blood into soft tissues as soon as death
and early autolysis set in (Fig. 3), it is possible that the hemorrhage
into the nervous system and liver is secondary to premature autolytic
changes occurring there. My observations on several thousand
fetuses, examined by various technics, lead me to believe that some
still unexplained functional or structural weakness in the vascular
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wall, leading to dilation and stasis, is the characteristic lesion; the
extravasation of blood into adjacent tissues and eventual death being
the consequence of progressive ischemia of fetal tissues. Although
it is difficult to rule out with certainty the question of suppressed
hematopoietic activity, I am convinced that the latter cannot be an
important factor in fetal asphyxiation and starvation, as suggested
by Evans and Burr, and I interpret the paucity 'of formed blood
elements in the yolk sac vessels, liver sinusoids, and heart as second-
ary to their loss into the dilated vascular channels of the fetus.
This newer interpretation of fetal death in the vitamin-E defi-
cient rat brings this phenomenon into closer accord with various
other lesions whose relation to some dysfunction of the muscular or
vascular system is more apparent. The summarized data presented
in Table 1 indicate that practically every type of lesion considered
pathognomonic of vitamin-E deficiency in the various experimental
animals studied can be placed in one or the other of these categories.
It is to be hoped that certain of those still outside the fold may soon
receive more satisfactory explanation. It is of interest to note that
the rat manifests the greatest variety of response to vitamin-E deple-
tion. This may be attributed to the fact that, except for the fetal
lesions and the acute manifestations of late-weaning paralysis, the
disturbances produced are compatible with prolonged survival of the
animal. I have often amused myself speculating upon the names
which might have been applied to the vitamin, and the trends which
investigations might have taken, had its discovery been based upon
feeding experiments with any one of the experimental animals other
than the rat.
Clinical implications
The discussion so far has centered around the experimental
animal. It is natural to ask what evidence exists as to the occurrence
of a state of vitamin-E deficiency in man. It seems reasonable to
assume that a substance so essential for other mammalian forms, at
least, must also play an important rOle in human economy. On the
basis of what is known concerning the wide distribution of the vita-
min in plant and animal tissues, and its storage and retention in the
animal body, one would expect no more than a rare occurrence of
an E-deficiency state in man unless it be secondary to prolonged
gastro-intestinal or other disturbances capable of interfering with
the proper absorption, retention, or metabolic utilization of the
vitamin.
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There was an early wave of enthusiasm over the possible value
of vitamin E in the prevention of spontaneous and habitual abortion
of unknown etiology. During the past three years there has
appeared a second wave centered around the muscular atrophies and
neuropathies. Some twenty-five or more clinical reports now avail-
able present a rather discouraging picture for the alleviation of these
incapacitating and incurable diseases which, in their clinical and path-
ological characteristics, bear rather close resemblance to the experi-
mental manifestations of E deficiency. We may now expect further
exploration of the reported usefulness of the vitamin in the treat-
ment of fibrositis, a type of interstitial myositis.30
The foregoing account has presented, somewhat didactically,.the
more important beacons which have guided us through confusing
pathways of vitamin-E research during the past twenty years, and
have brought us to two larger avenues whose eventual convergence
may soon afford us a satisfactory understanding of the physiological
role of this vitamin.
TABLE 1
SUMMARY OF LESIONS IN EXPERIMENTAL VITAMIN-E DEFICIENCY,
GROUPED ACCORDING TO THE TISSUES AFFECTED
Vascular system Skeletal muscle Smooth muscle
CHICK 1. Generalized edema DUCKLING TURKEY 1. Gizzard
2. Exudative diathesis
3. Cerebellar necrosis
4. Hemorrhage in embryo
GUINEA-PIG
RABBIT
SHEEP
GOAT
KANGAROO
DOG
RAT 1. Hematopoiesis? RAT 1. Nursling RAT 1. Uterus
(Fetus) 2. Vascular stasis 2. Adult 2. Seminal
vesicle
MOUSE
Unexplained Specificity questionable
Testis degeneration Cerebrospinal lesion
Growth retardation Parenchymatous degeneration of kidney
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Photographs of 16-day embryos of vitamin-E deficient rats given border-line doses of vitamin E
dturing the first ten days of pregnancy.
FIG. 1. Early stage of vascular stasis. X 7.
FIG. 2. Advaniced stage, showing marked plexiform dilation of vascular channels in shoulder
region and hemorrhage in lateral wall and floor of the lateral ventricle. The umbilical vessels containi colnsiderable blood. The fetus was living when photographed. X 5.
Fic. 3. Dead fetus, showing areas of diffuse hemorrhage into soft tissues, secondary to post-
nmortemii autolysis. X 5.